Neuronal nitric oxide synthase (nNOS) neurons kill adjacent neurons through the action of NMDA-glutamate receptor activation, although they remain relatively resistant to the toxic effects of NMDA and NO. The molecular basis of the resistance of nNOS neurons to toxic insults is unknown. To begin to understand the molecular mechanisms of the resistance of nNOS neurons, we developed a pheochromacytoma-derived cell line (PC12) that is resistant to the toxic effects of NO. We found through serial analysis of gene expression (SAGE) that manganese superoxide dismutase (MnSOD) is enriched in the NO-resistant PC12 cell-derived line (PC12-R). Antisense MnSOD renders PC12-R cells sensitive to NO toxicity and increases the sensitivity to NO in the parental, NO-sensitive PC12 line (PC12-S). Adenoviral transfer of MnSOD protects PC12-S cells against NO toxicity. We extended these studies to cortical cultures and showed that MnSOD is enriched in nNOS neurons and that antisense MnSOD renders nNOS neurons susceptible to NMDA neurotoxicity, although it has little effect on the overall susceptibility of cortical neurons to NMDA toxicity. Overexpression of MnSOD provides dramatic protection against NMDA and NO toxicity in cortical cultures, but not against kainate or AMPA neurotoxicity. Furthermore, nNOS neurons from MnSOD Ϫ/Ϫ mice are markedly sensitive to NMDA toxicity. Adenoviral transfer of MnSOD to MnSOD Ϫ/Ϫ cultures restores resistance of nNOS neurons to NMDA toxicity. Thus, MnSOD is a major protective protein that appears to be essential for the resistance of nNOS neurons in cortical cultures to NMDA mediated neurotoxicity.
Neuronal nitric oxide synthase (nNOS) neurons kill adjacent neurons through the action of NMDA-glutamate receptor activation, although they remain relatively resistant to the toxic effects of NMDA and NO. The molecular basis of the resistance of nNOS neurons to toxic insults is unknown. To begin to understand the molecular mechanisms of the resistance of nNOS neurons, we developed a pheochromacytoma-derived cell line (PC12) that is resistant to the toxic effects of NO. We found through serial analysis of gene expression (SAGE) that manganese superoxide dismutase (MnSOD) is enriched in the NO-resistant PC12 cell-derived line (PC12-R). Antisense MnSOD renders PC12-R cells sensitive to NO toxicity and increases the sensitivity to NO in the parental, NO-sensitive PC12 line (PC12-S). Adenoviral transfer of MnSOD protects PC12-S cells against NO toxicity. We extended these studies to cortical cultures and showed that MnSOD is enriched in nNOS neurons and that antisense MnSOD renders nNOS neurons susceptible to NMDA neurotoxicity, although it has little effect on the overall susceptibility of cortical neurons to NMDA toxicity. Overexpression of MnSOD provides dramatic protection against NMDA and NO toxicity in cortical cultures, but not against kainate or AMPA neurotoxicity. Furthermore, nNOS neurons from MnSOD Ϫ/Ϫ mice are markedly sensitive to NMDA toxicity. Adenoviral transfer of MnSOD to MnSOD Ϫ/Ϫ cultures restores resistance of nNOS neurons to NMDA toxicity. Thus, MnSOD is a major protective protein that appears to be essential for the resistance of nNOS neurons in cortical cultures to NMDA mediated neurotoxicity.
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Nitric oxide (NO) is a unique messenger molecule that serves diverse physiological f unctions throughout the body (Nathan, 1992; Schmidt and Walter, 1994; Garthwaite and Boulton, 1995; Yun et al., 1996) . NO is synthesized from L-arginine by NO synthase (NOS). Three isoforms of NOS have been identified and are the products of three distinct genes: neuronal NOS (nNOS, Type I), immunological NOS (iNOS, T ype II), and endothelial NOS (eNOS, T ype III) (Bredt and Snyder, 1994; Marletta, 1994; Nathan and X ie, 1994) . In the nervous system, nNOS is localized to discrete populations of neurons in the cerebellum, cortex, striatum, olfactory bulb, hippocampus, basal forebrain, and brain stem Vincent and Kimura, 1992) . Excess production of NO via nNOS has been implicated in various neurotoxic paradigms Iadecola, 1997) . Excess glutamate acting via NMDA receptors may mediate cell death in focal cerebral ischemia (Choi, 1988; Choi and Rothman, 1990) , trauma, and epilepsy, and in neurodegenerative diseases such as Huntington's disease and Alzheimer's disease (Meldrum and Garthwaite, 1990; Lipton and Rosenberg, 1994) . In primary cerebral cortical cultures NMDA neurotoxicity is prevented by various NOS inhibitors (for review, see Dawson and Snyder, 1994; . Evaluation of nNOS inhibitors in various stroke models has shown that selective inhibitors provide dramatic reductions in infarct volume in focal cerebral ischemia Iadecola, 1997; Samdani et al., 1997) . In addition, selective nNOS inhibitors provide protection against the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in an animal model of Parkinson's disease (Schulz et al., 1995b; Przedborski et al., 1996) and also provide protection against various mitochondrial neurotoxins (Schulz et al., 1995a) .
Because NO is a reactive free radical, it has many potential targets to initiate neurotoxic cascades. A predominant mechanism by which NO may kill neurons is through the diffusionlimited reaction of NO with superoxide anion (O 2
•Ϫ ) to generate peroxynitrite (ONOO Ϫ ) (Beckman et al., 1990; Beckman, 1994) , which is directly cytotoxic (Radi et al., 1991; Beckman and Crow, 1993; Xia et al., 1996) . The toxic effects of NO and peroxynitrite may occur through multiple pathways. An important pathway may be NO/ONOO Ϫ -damaged DNA and subsequent activation of the enzyme poly(ADP-ribose) polymerase (PARP) (Zhang et al., 1994; Eliasson et al., 1997) , a nuclear enzyme involved in DNA repair (Lautier et al., 1993) . Excessive activation of PARP can rapidly deplete cellular energy stores, leading to cell death. Additionally, NO may elicit neurotoxicity through inhibition of mitochondrial respiration, nitrosylation of proteins, and lipid peroxidation (for review, see Yun et al., 1996) . nNOS neurons are remarkably spared from cell death in NMDA neurotoxicity, Huntington's disease, Alzheimer's disease, and vascular stroke (Thomas and Pearse, 1964; Ferrante et al., 1985; Beal et al., 1986; Koh et al., 1986; Koh and Choi, 1988; Uemura et al., 1990; Hyman et al., 1992 ; V. L. . Thus, nNOS neurons must possess protective mechanisms that render them resistant to the toxic NO environment they create. However, the molecular mechanisms that account for the selective resistance of nNOS neurons to neurotoxic insults remain unknown.
NO physiology has been clarified through the study of mice lacking the gene for nNOS (nNOS Ϫ/Ϫ mice) (Huang et al., 1993) . nNOS Ϫ/Ϫ mice are dramatically resistant to permanent focal ischemia (Huang et al., 1994) , M P TP neurotoxicity (Przedborski et al., 1996) , and mitochondrial toxins (Schulz et al., 1996) . Furthermore, cortical cultures from nNOS Ϫ/Ϫ mice are resistant to neurotoxicity . In the cerebral cortex, all nNOS neurons stain for somatostatin, and almost all somatostatin neurons are nNOS positive (T. M. . The density of somatostatin-staining neurons is normal in the cerebral cortex of nNOS Ϫ/Ϫ mice, indicating that although nNOS has been disrupted, the neurons remain intact. In the mutant mice, somatostatin neurons are spared from NMDA neurotoxicity, indicating that the factors responsible for the selective resistance of nNOS neurons remain intact and probably are not nNOS itself . This prompted us to explore further the molecular mechanisms that render nNOS neurons selectively resistant to neurotoxicity.
We elected to study the selective resistance of nNOS neurons to neurotoxicity by developing a PC12 cell-derived line that is resistant to NO-mediated toxicity. We reasoned that NOresistant and NO-sensitive PC12 cell lines should express different sets of genes, some of which might account for the resistance of the PC -12 cells to NO. To identif y these genes, we performed serial analysis of gene expression (SAGE) in NO-resistant and NO-sensitive PC12 cells. We found that manganese superoxide dismutase (MnSOD) is the predominant gene in NO-resistant PC12 cells, and that it is also selectively expressed in cortical nNOS neurons. Strikingly, MnSOD is required for the resistance of nNOS neurons to NMDA and NO-mediated neurotoxicity in cortical cultures.
MATERIALS AND METHODS
Cell culture. The rat PC12 cell line was maintained in DM EM supplemented with 5% fetal bovine serum, 10% horse serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg /ml streptomycin. C ells were cultured in a humidified atmosphere of 95% air and 5% C O 2 at 37°C.
Primary cortical cell cultures were prepared from gestational day 14 fetal rats or day 16 fetal mice as described previously (V. L. . The cortex was dissected under a microscope, incubated for 20 min in 0.0027% trypsin and saline solution [5% PBS (in mM) 40 sucrose, 30 glucose, 10 H EPES, pH 7.4]. Rat cortex was transferred to modified Eagle's medium (M EM), 10% horse serum, 10% fetal bovine serum, and 2 mM glutamine, and cells were dissociated by trituration. Mouse cortex was dissected and the cells were dissociated by trituration in M EM, 20% horse serum, 25 mM glucose, and 2 mM L-glutamine after a 30 min digestion in 0.027% trypsin and saline solution (Life Technologies, Gaithersburg, MD). C ells were plated in 15 mm multiwell (Nunc, Roskilde, Denmark) plates coated with polyornithine at a density of 3-4 ϫ 10 5 cells per well. Four days after they were plated, the cells were treated with 10 g /ml of 5-fluoro-2Ј-deoxyuridine for 3 d to inhibit proliferation of non-neuronal cells. Rat cultures were maintained in M EM, 5% horse serum, and 2 mM glutamine in 8% C O 2 , humidified, 37°C atmosphere. Murine cultures were maintained in M EM, 10% horse serum, 25 mM glucose, and 2 mM L-glutamine in a 5% O 2 , 8% CO 2 , humidified, 37°C incubator. The medium was changed twice a week. Mature neurons (14 d in culture) were used for all experiments. In mature cultures, neurons represent 70 -90% of the total number of cells (V. L. .
Cytotoxicit y. C ells were exposed to test solutions as described previously (V. L. . C ells were washed with control salt solution (C SS) containing (in mM) 120 NaC l, 5.4 KC l, 1.8 C aC l 2 , 25 Tris-HC l, 15 glucose, pH 7.4. E xcept for kainate, all other drugs were applied in C SS for 5 min. Kainate was applied in M EM, 21 mM glucose for 24 hr in the incubator. Toxicity was assayed 20 -24 hr after exposure to drug solutions by trypan blue exclusion as described (V. L. . Three to five photoprints at 10 -20ϫ were made of each well. Live cells (cells that exclude trypan blue) and dead cells (cells that take up trypan blue) were counted, and the percentage of cell death was determined. Approximately 500 -1200 cells were counted per well. At least two separate experiments using three different wells were performed so that ϳ3000 -7200 neurons were counted for each data point. To assess rater reliability, some of the photomicrographs were counted by an additional observer blinded to the study design and treatment protocol. An inter-rater consistency Ͼ95% was observed for the cell counting.
In some experiments toxicity was assayed 20 -24 hr after exposure to cytotoxic conditions by microscopic examination with computer-assisted cell counting after staining of all nuclei with 1 g /ml Hoescht 33342 and staining of dead cell nuclei with 7 M propidium iodide. Total and dead cells were counted. Glial nuclei fluoresce at a different intensity then neuronal nuclei and were gated out. The percentage of cell death was determined as the ratio of live to dead cells as compared with the percentage of cell death in control wells to account for cell death attributed to mechanical stimulation of the cultures. At least two separate experiments using four separate wells were performed with a minimum of 15,000 -20,000 neurons counted per data point. All reagents were purchased from Sigma (St. L ouis, MO).
Data were analyzed with the Student's t test for independent means. Statistical analyses were performed by using StatView 4.0 software (Abacus Concepts, C alabasas, CA).
Antisense oligonucleotides. Phosphorothioate oligodeoxynucleotides (Soligodeoxynucleotides) in which all phosphodiester linkages were modified were synthetized, lyophilized, diluted in sterile water, and stored at Ϫ20°C. Oligonucleotides were chosen, purified, and used according to standard procedures (Bito et al., 1996; Rothstein et al., 1996) . Oligonucleotides were chosen to exhibit minimal self-complementarity according to analysis with the computer program OLIGO 4 (National Biosciences, Plymouth, M N). All sequences chosen were specific and unrelated to any other nucleotide sequence in GenBank. The sequence for the antisense oligonucleotide to rat MnSOD used is 5Ј-CCCGACACAACATTGC -TGA-3Ј, and it spans from six bases 5Ј to 10 bases 3Ј of the start codon. Control cultures received either no oligonucleotide or sense or random oligonucleotide (in which the base composition and extent of phosphodiester linkages were identical to that of the antisense oligonucleotide but the sequence was randomly assigned). Oligonucleotides were reconstituted in serum-free medium and filtered before addition to the cultures.
Infection of cultured cells with recombinant adenovirus. Primary cortical cells were maintained in culture for 14 d before being exposed to the adenoviral vector. PC12 cells were cultured to 90% confluence in 24-well plates. Cultures were exposed to 1 ϫ 10 8 pf u /ml (1 ϫ 10 10 particles/ml) of adenoviral vector for 1 hr in 0.5 ml of serum-free medium, followed by overnight incubation in 0.5 ml of 2% serum-containing medium in the presence of 1 ϫ 10 8 pf u /ml of adenoviral vector. In this system (Ad.MnSOD), MnSOD gene transcription is under the control of the strong cytomegalovirus (CMV) promoter (R. M. Zwacka and J. F. Engelhardt, unpublished data). After overnight incubation with Ad.MnSOD in 2% serum-containing medium, 0.5 ml of 10% serum-containing medium was added to each well. Cells were cultured for an additional 24 hr to allow protein expression before any additional experiment or analysis was performed. Noninfected cells and cells exposed to a ␤-galactosidase-containing adenoviral vector (Ad.␤Gal) were included as controls. Ad.␤Gal also contains the ␤-galactosidase gene under the C M V promoter and allowed us to monitor the infection efficiency after X-Gal staining of adenovirus-exposed cells. Briefly, 24 hr after exposure to 1 ϫ 10 8 pf u /ml of Ad.␤Gal, cells were fixed for 10 min at room temperature with 0.5% glutaraldehyde and stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) solution for 2 hr in a 37°C, non-C O 2 incubator.
Western blot anal ysis. For protein analysis, culture plates were rinsed twice with cold PBS, pH 7. C ells were scraped and harvested in cold PBS, centrif uged at 2500 rpm, and resuspended in PBS. C ells were then sonicated on ice for a total of 2 min at 60% duty cycle and output level 2, using a Branson sonifier. C ell extracts were stored at Ϫ70°C. Total protein was assayed using the Bradford method (Pierce, Rockford, IL). Proteins in cell lysates were size-separated through denaturing polyacrylamide gel electrophoresis (SDS-PAGE). An equal amount of protein for each sample was heated at 100°C for 5 min with an equivalent volume of 2ϫ sample buffer (containing 4% SDS and 10% ␤-mercaptoethanol) and loaded onto 12% polyacrylamide gels. The proteins were electrotransferred to a nitrocellulose membrane in tris-glycine-methanol buffer. The membrane was blocked for 1 hr at room temperature in a blocking solution mixture of 3% nonfat dry milk, 0.05% T ween-20, and Trisbuffered saline (TBS), pH 8.0. The membrane was then incubated for 1 hr at room temperature with primary antibody in blocking solution (rabbit anti-MnSOD serum diluted 1:3000; rabbit anti-CuZ nSOD serum diluted 1:3000; rabbit anti-nNOS serum diluted 1:2000; anti-␤-tubulin monoclonal diluted 1:10,000). All primary antibodies are previously characterized antibodies that recognize a single band on Western blot analysis (Oberley et al., 1990; Roskams et al., 1991) . The membrane was rinsed with blocking solution for five washes of 5 min and incubated for 1 hr at room temperature in a 1:10,000 dilution of goat anti-rabbit IgG peroxidase-labeled antibody (Boehringer Mannheim, Indianapolis, I N), or goat anti-mouse IgG peroxidase-labeled antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). The blot was washed 5 ϫ 5 min and then processed for analysis using an Enhanced ChemiL uminiscence (ECL) detection kit (K irkegaard and Perry Laboratories, Gaithersburg, MD) as described by this manufacturer.
MnSOD activit y assay. MnSOD activity was assayed as described (Spitz and Oberley, 1989) . In brief, a competitive inhibition assay was performed that used xanthine -xanthine oxidase-generated O 2
•Ϫ to reduce nitroblue tetrazolium (N BT) to blue formazan. Reduction of N BT was monitored spectrophotometrically at 560 nm. The amount of protein that inhibits N BT reduction to 50% of maximum is defined as 1 U of MnSOD activity. In this assay CuZ nSOD is inhibited by 5 mM sodium cyanide. Enzymatic activity was expressed in units per milligram of protein.
NA DPH-diaphorase staining. C ells were washed three times with C SS and fixed for 30 min at 4°C in a 4% paraformaldehyde (PF), 0.1 M phosphate buffer (PB). Fixative solution was washed away with TBS, and reaction solution was applied for 1 hr at 37°C. The reaction solution contains 1 mM NADPH, 0.2 mM nitroblue tetrazolium, 0.2% Triton X-100, 1.2 mM sodium azide, and 0.1 M Tris-HC l, pH 7.2. The reaction was terminated by washing away the reaction solution with TBS. All diaphorase-positive cells in each well were counted by using an inverted microscope.
Immunofluorescence. Cultured cells were washed three times with C SS and fixed for 30 min at 4°C in a 4% PF, 0.1 M PB. The cells were then washed in TBS and permeabilized with 0.2% Triton X-100 in TBS for 5 min. Blocking solution containing 5% normal goat serum (NGS), 0.1% Triton X-100 in TBS was then applied for 1 hr at room temperature. Primary antibodies to nNOS (monoclonal), MnSOD (polyclonal), or CuZ nSOD (polyclonal) were diluted in blocking solution and applied to the cells overnight at 4°C. After rinsing the cells three times with TBS, fluorescence-conjugated secondary antibodies (fluorescein, FI TCconjugated anti-mouse IgG, or lissamine rhodamine-conjugated antirabbit IgG; Jackson ImmunoResearch) were applied in 1.5% NGS, TBS, 0.1% Triton X-100 for 1 hr at room temperature. After an additional three washes in TBS, cells were examined under a fluorescence microscope. Control cells lacking primary or secondary antibody were stained in parallel and failed to exhibit any immunostaining.
Southern blot and PCR anal ysis. Genotyping was performed by Southern blot analysis of genomic DNA from 14 d embryos as described by Lebovitz et al. (1996) . The PCR approach was also used to determine MnSOD genotype of embryos and cortical cultures. Oligonucleotide primers were designed for specific amplification of exon 2 of the mouse MnSOD gene, and the human hypoxanthine phosphoribosyltransferase (HPRT) minigene was used to target exons 1 and 2 of MnSOD. PCR amplification of MnSOD was performed in a final volume of 25 l, containing 1 M each oligonucleotide primer (5Ј-ACA AGC ACA GCC TCC CAG AC -3Ј and 5Ј-AGC C TC GTG GTA C TT C TC C TC -3Ј), 200 M deoxynucleotides, 10 mM Tris-HC l, pH 8.3, 50 mM KC l, 1.5 mM MgC l 2 , 0.01% gelatin, 1 U of Taq DNA polymerase (Boehringer Mannheim), and 2.5% DMSO. T wenty-six cycles of 94°C for 1 min, 62°C for 45 sec, and 72°C for 30 sec were performed with an initial denaturation step of 94°C for 3 min and a final elongation step at 72°C for 1 min. PCR products were resolved on 3% agarose gels. Amplifications of human HPRT were performed as described for the MnSOD gene except for the primer sequences: 5Ј-GC T GAG GAT TTG GAA AGG G-3Ј and 5Ј-TTG CAG CC T TGA CCA TC T T-3Ј, and an annealing temperature of 55°C.
RESULTS

Generation of a NO-resistant PC12 cell line
A brief (5 min) application of NO donors effectively causes death of cultured primary cortical neurons 20 -24 hr later (V. L. . In an attempt to identify a cell line that would be reflective of NO-mediated cell death in cortical neuronal cultures, we screened a number of tumor cell lines for susceptibility to a 5 min exposure to NO donors as assessed 24 hr later (V. L. Dawson and T. M. Dawson, unpublished observations) . Rat PC12 cells are remarkably sensitive to the toxic effects of NO donors ( Fig. 1 A) . A 5 min application of the NO donor sodium nitroprusside (SNP), elicits ϳ45% cell killing at 500 M, and almost 90% cell death at 1 mM as assessed 24 hr later. SNP that is depleted of NO by overnight incubation in buffer under light elicits no toxicity (data not shown).
In a manner analogous to that described by Edwards and colleagues (Liu et al., 1992) in which they identified the vesicular catecholamine transporter responsible for the resistance of a PC12 cell-derived line to MPPϩ, we reasoned that the development of a NO-resistant PC12 cell line would be useful in the identification of genes that confer resistance to NO-mediated toxicity. A NO-resistant PC12 cell line (PC12-R) was generated by treating parental PC12 cell cultures (PC12-S) with 100 M SNP for 5 min and allowing the surviving cells to grow to confluence, followed by successive retreatments with incremental doses of SNP until a cell line (PC12-R) was generated that was resistant to 1 mM SNP (Fig. 1 A) . The PC12-R cells are also remarkably resistant to high doses of other NO donors such as diethylenetriamine nitric oxide adduct (DETA/NO) and 3-morpholinosydnonimine hydrochloride (SIN-1) (Fig. 1 A) . DETA/NO and SIN-1 that were depleted of NO by overnight incubation in buffer under light elicit no toxicity (data not shown).
MnSOD protein and activity levels are elevated in NOresistant PC12 cells
Kinzler and colleagues (Velculescu et al., 1995) recently developed an elegant method called serial analysis of gene expression (SAGE) that allows the quantitative and simultaneous analysis of a large number of transcripts in a given cell population. SAGE provides a means for the quantitative cataloging and comparison of expressed genes in various normal, developmental, and diseased states (Velculescu et al., 1995) . We used SAGE to identify genes that could account for the resistance of the PC12-R cell line to NO. More than 4000 transcripts were analyzed from PC12-S and PC12-R cell lines (M. Gonzalez-Zulueta, V. L. Dawson, and T. M. Dawson, unpublished observations). More than 100 transcripts were expressed at higher levels in the PC12-R cell population than in the PC12-S cell population. One of the most highly differentially expressed transcripts in PC12-R cells corresponded to the mRNA for manganese superoxide dismutase (MnSOD) (Fig. 1 B) . Because of the role of MnSOD in cellular antioxidant defense, we elected to focus our initial attention on the potential protective role of MnSOD against NO toxicity. We analyzed MnSOD protein levels in the PC12-S and PC12-R cell lines via Western blot analysis as well as MnSOD catalytic activity (Fig.  1C) . Confirming the SAGE analysis, we show that MnSOD protein and activity levels are elevated dramatically in PC12-R cells compared with PC12-S cells.
Antisense MnSOD increases susceptibility to NOtoxicity in PC12 cells
To investigate the potential role of MnSOD as a neuroprotective protein against NO-mediated toxicity in PC12 cells, we developed an antisense oligonucleotide approach to knock down MnSOD protein levels and catalytic activity (Fig. 2) , following standard and well characterized procedures for neuronal cells (Bito et al., 1996; Rothstein et al., 1996) . Consistent with the observations that PC12-S cells contain significantly less MnSOD than PC12-R cells, 2.5 M antisense oligonucleotide to MnSOD completely eliminates MnSOD protein levels and catalytic activity in PC12-S cells, whereas 10 M antisense oligonucleotide is required to abolish MnSOD protein levels and catalytic activity in the PC12-R cell line (Fig. 2 A) . Exposure of PC12-S and PC12-R cells to antisense oligonucleotide to MnSOD is not associated with a decrease in cell viability (data not shown). The superoxide anion is scavenged by a family of SOD enzymes (McCord, 1969; Fridovich, 1986; Bannister et al., 1987; Hassan, 1988; Fridovich, 1995) . In eukaryotic cells, the copper-zinc (CuZn) SOD isoform is found mainly in the cytosol, whereas the MnSOD is located in the mitochondria. The amount of CuZnSOD in the PC12-R cell line is equivalent to that in the PC12-S cell line as assessed by Western blot analysis (Fig. 2 A) , which indicates that CuZnSOD probably does not account for the resistance of the PC12-R cells to NO toxicity. Furthermore, the antisense oligonucleotide to MnSOD did not affect CuZnSOD protein levels (Fig. 2 A) , indicating that our antisense knockdown approach is specific for MnSOD and that it does not affect the expression of other constitutively expressed proteins. In the PC12-R cells, 10 M antisense oligonucleotide significantly reduces MnSOD protein levels after 24 hr of exposure (Fig. 2 B) . Thus, in all future studies Figure 1 . Characterization of PC12-R cells: resistance to NO toxicity and increased expression of MnSOD. A, Susceptibility of PC12-S and PC12-R cells to the NO donors sodium nitroprusside (SN P), diethylenetriamine nitric oxide adduct (DETA / NO), and 3-morpholino-sydnonimine hydrochloride (SIN-1). Cells were exposed to the NO donors for 5 min, and cytotoxicity was assayed 24 hr later by trypan blue exclusion. The wild-type PC12 line (PC12-S) is remarkably sensitive to the toxic effects of NO. An NO-resistant PC12 cell line (PC12-R) was generated by treating parental PC12-S cells with 100 M SNP for 5 min, allowing the surviving cells to grow to confluence followed by successive retreatments with incremental doses of SNP until a cell line (PC12-R) was generated that was resistant to 1 mM SN P. B, Predominant differentially expressed SAGE tag in PC12-R compared with PC12-S cell populations corresponds to MnSOD. This specific tag sequence, its abundance in each tag library analyzed, and its location in the MnSOD cDNA sequence is indicated. C, Western blot and catalytic activity analyses of MnSOD in PC12-S and PC12-R cells indicate that MnSOD levels are increased in PC12-R when compared with PC12-S. For Western blot analysis, 10 g total protein was loaded in each lane and electrophoresed under denaturing conditions on a 12% polyacrylamide gel. MnSOD was detected as an apparent 23 kDa protein band with a rabbit polyclonal antibody raised against MnSOD (Oberley et al., 1990) . MnSOD activity was measured using the nitroblue tetrazolium method of Oberley and Spitz (1985) as later modified. Data represents the mean Ϯ SEM of two to three independent experiments. Western blots are representative of two to three independent experiments. antisense oligonucleotides to MnSOD were applied for 24 hr at a concentration of 10 M. E xposure to sense and random oligonucleotides did not show any effect on MnSOD protein and activity levels in PC12-S and PC12-R cells, confirming the specificity of our antisense knockdown experiments (Fig. 2C,D) . Exposure of PC12-R cells to the antisense oligonucleotide resulted in reduction of both MnSOD protein and catalytic activity to levels similar to those present in control PC12-S cells.
To test our hypothesis that MnSOD accounts for the resistance of the PC12-R cell line to NO mediated toxicity, we used antisense oligonucleotides to knock down MnSOD activity in PC12-S and PC12-R cells and exposed them to increasing concentrations of the NO donor SN P (Fig. 3A,B ). E xposure of the PC12-S line to antisense oligonucleotide to MnSOD dramatically increases the sensitivity of these cells to SN P (Fig. 3A) . SN P (10 M) elicits minimal toxicity in PC12-S cells, but in the presence of antisense oligonucleotide to MnSOD ϳ50% of the cells die. SNP (100 M) causes ϳ20% cell death in PC12-S cells and ϳ90% cell death in antisense-treated cells (Fig. 3A) . In the PC12-R line, exposure to antisense oligonucleotide to MnSOD restores the sensitivity of these cells to SN P toxicity (Fig. 3B ). Sense and random oligonucleotides with equivalent levels of sulfation have minimal effects on the susceptibility of both PC12-S and PC12-R lines to SNP. Knockdown of MnSOD via antisense oligonucleotides also correlates with an increased susceptibility of both PC12-S and PC12-R lines to another NO donor, DETA/NO. In PC12-S cells, 10 M DETA/NO elicits ϳ20% cell death, whereas in the presence of antisense MnSOD oligonucleotides DETA/NO-induced cell death is increased to ϳ50% (Fig. 3C ). In the PC12-R line, 1 mM DETA/NO causes ϳ10% cell death, and this proportion is increased to 80% when cells are exposed to antisense oligonucleotides (Fig. 3D) .
Because the toxic effects of NO are thought to occur mainly through an interaction with O 2
•Ϫ , we examined the effect of O 2
•Ϫ -generating compounds on cells exposed to antisense MnSOD oligonucleotide (Fig. 4) . PC12-R cells are twofold more resistant than PC12-S cells to the toxic effects of 500 M paraquat and 500 M menadione. The resistance of PC12-R cells to paraquat and menadione toxicity is not as profound as their resistance to NO generators (compare Fig. 3B ,D with Fig. 4 B,D) . Antisense knockdown of MnSOD increases the susceptibility of PC12-S cells and PC12-R cells to paraquat and menadione by 1.5-to twofold (Fig. 4) . This increase is not as dramatic as the three-to eightfold increase in susceptibility to NO donors. Thus, although MnSOD may play a role in the cellular defense against excess O 2
•Ϫ
, it appears to be critical in the protective pathways against NO-mediated cellular injury. 
Overexpression of MnSOD confers resistance to NO toxicity in PC12 cells
To f urther support our hypothesis that MnSOD accounts for the resistance of the PC12-R line to NO-mediated toxicity, we overexpressed MnSOD in PC12 cells via an adenovirus-derived vector containing the gene for MnSOD (Ad.MnSOD) (Fig. 5) . PC12-S and PC12-R cells were exposed to 10 8 pf u /ml of Ad.MnSOD or to an adenovirus containing the reporter gene ␤-galactosidase (Ad.␤Gal). Infection with Ad.MnSOD dramatically increases MnSOD protein levels and MnSOD catalytic activity in PC12-S cells (Fig. 5A ). PC12 cells transfected with Ad.␤Gal and Ad.MnSOD maintain a normal morphological appearance and remain viable, as demonstrated by the absence of trypan blue staining (data not shown). Ad.MnSOD has little effect on MnSOD protein and catalytic activity in PC12-R, which may be caused by the already high levels of MnSOD in this cell line (Fig.  5A) . The control Ad.␤Gal virus has no effect on MnSOD levels in PC12-S or PC12-R cells.
Overexpression of MnSOD in PC12-S cells renders them almost completely resistant to the toxic effects of 1 mM SNP, which is equivalent to the resistance of PC12-R cells to 1 mM SNP (Fig.  5B) . The Ad.␤Gal virus has no significant effects on the susceptibility of PC12-S or PC12-R to SNP. Similar results were obtained with DETA/NO (data not shown). Overexpression of MnSOD provides some protection against O 2
•Ϫ -generating compounds. Paraquat (1 mM) causes 100% cell death in uninfected PC12-S cells, but only 40% cell death in cells overexpressing MnSOD (Fig. 5C) . Similar results were obtained with menadione (data not shown). This contrasts with the nearly complete protection provided by Ad.MnSOD against NO donor toxicity. Ad.MnSOD had no effect on the susceptibility of PC12-R cells to NO donors or O 2
•Ϫ -generating compounds (data not shown), which correlates with the high levels of MnSOD protein and remarkable resistance to NO and O 2
•Ϫ of these cells before infection.
MnSOD is selectively enriched in nNOS neurons
Because increased levels of MnSOD may account for the resistance of the PC12-R line to NO-mediated toxicity, this prompted us to investigate the potential protective role of MnSOD in nNOS neurons. nNOS neurons in primary cortical cultures comprise ϳ1-2% of the total neuronal population . Strikingly, MnSOD is enriched in nNOS neurons, as indicated by immunohistochemical colocalization studies (Fig. 6 A-I ). In con- Figure 3 . Antisense MnSOD increases susceptibility to NO toxicity in PC12 cells. A, Effect of oligonucleotides to MnSOD on PC12-S sensitivity to SNP. Antisense, sense, or random oligonucleotide (5 M each) were added to PC12-S. After 24 hr, cells were treated with 10, 100, and 500 M SNP for 5 min, and the medium replaced with fresh oligonucleotide. T wenty-four hours later, toxicity was assessed by trypan blue exclusion. B, Effect of oligonucleotides to MnSOD on PC12-R susceptibility to SN P. E xperiments were performed as described for PC12-S, with the exception that 10 M each oligonucleotide was used and the highest SN P concentration tested was 1 mM. C, Effect of oligonucleotides to MnSOD on PC12-S sensitivity to 10 M DETA/NO. The experiment was performed as in A, with the exception that only one dose (10 M) of DETA / NO was tested. D, Effect of oligonucleotides to MnSOD on PC12-R susceptibility to 1 mM DETA / NO. The experiment was performed as in B, with the exception that only one dose (1 mM) of DETA/NO was tested. Data represents the mean Ϯ SEM of two to three independent experiments. *p Ͻ 0.001. trast, CuZ nSOD is expressed ubiquitously in all neurons with no enrichment in nNOS neurons (Fig. 6 J-L) . nNOS neurons represent ϳ2% of the total neuronal population in cortical cultures, and immunohistochemical analysis of cortical neurons in culture indicates that every neuron that expresses nNOS also expresses MnSOD at high levels. We do not detect any nNOS-staining neuron that does not show intense positive staining for MnSOD. On the other hand, 2-5% of the total neuronal population in cortical cultures expresses high levels of MnSOD, and some of these neurons do not stain for nNOS. MnSOD-positive/nNOSnegative neurons show lower levels of MnSOD than MnSODpositive/nNOS-positive neurons (data not shown).
Treatment of cortical cultures with 300 -500 M NMDA enriches for nNOS neurons, whereas treatment with 20 M quisqualate depletes nNOS neurons from cortical cultures (V. L. . Using this approach we confirm the enrichment of nNOS neurons by NMDA treatment and the depletion of nNOS neurons after quisqualate treatment by Western blot analysis (Fig. 6 M) . Accompanying the enrichment in nNOS levels in NMDA-treated cultures is an enrichment in MnSOD (Fig. 6 M) . Quisqualate depletes both nNOS and MnSOD protein levels (Fig.  6 M) . NMDA and quisqualate treatments do not show any detectable effect on CuZ nSOD levels or ␤-tubulin levels, thus confirming the specific enrichment of MnSOD in nNOS neurons.
Antisense MnSOD renders nNOS neurons susceptible to NMDA toxicity
Forty-eight hour exposure to 10 M antisense oligonucleotide to MnSOD effectively reduces MnSOD protein levels and catalytic activity in primary cortical neuronal cultures, as indicated by Western blot analysis and MnSOD catalytic activity (Fig. 7A) . We then assessed the susceptibility of nNOS neurons and the total neuronal population to NMDA neurotoxicity after knockdown of MnSOD by antisense oligonucleotide (Fig. 7B,C) . NMDA (300 M) kills ϳ20 -30% of the nNOS neurons. In the presence of 10 M antisense oligonucleotide to MnSOD, ϳ85% of the nNOS neurons die (Fig. 7B) . After 500 M NMDA treatment, ϳ50% of the nNOS neurons die, and exposure to antisense oligonucleotide to MnSOD leads to almost complete loss of nNOS neurons (Fig.  7B) . In contrast, the increased susceptibility of the total neuronal population to either 300 or 500 M NMDA is not influenced by exposure to antisense oligonucleotide to MnSOD (Fig. 7C ). Sense and random oligonucleotides with equivalent levels of sulfation do not have any detectable effect. Although phosphorothioate derivatives of oligos may be toxic, especially to neurons, we did not encounter any intrinsic neurotoxicity of our phosphorothioate derivatives. Indeed, our antisense, sense, and random oligos, which contain an equivalent amount of sulfation, have no intrinsic neurotoxicity in our neuronal cultures. Furthermore, the antisense MnSOD oligo only affected the susceptibility of nNOS neurons to NMDA neurotoxicity. To illustrate the differential resistance and susceptibility of nNOS neurons to NMDA neurotoxicity in the absence and presence of antisense oligonucleotide to MnSOD, respectively, we plotted the percentage of nNOS neuron survival versus the percentage of total neuronal survival (Fig. 7D) . Consistent with the notion that nNOS neurons are markedly resistant to NMDA neurotoxicity is the observation that nNOS neurons preferentially survive NMDA treatment compared with the total neuronal population (Fig. 7B-D) . In contrast, nNOS neurons are markedly susceptible to reductions in MnSOD, whereas the susceptibility of the total neuronal cell Figure 4 . Effect of MnSOD knockdown on PC12 sensitiv y to superoxide generators. A, Effect of oligonucleotides to MnSOD on PC12-S sensitivity to paraquat. Antisense, sense, or random oligonucleotides (5 M each) were added to PC12-S. After 24 hr, cells were treated with 10, 100, and 500 M paraquat for 5 min, and the medium was replaced with fresh oligonucleotide. Twenty-four hours later, toxicity was assessed by trypan blue exclusion. B, Effect of oligonucleotides to MnSOD on PC12-R susceptibility to paraquat. E xperiments were performed as described for PC12-S, with the exception that 10 M each oligonucleotide was used, and the highest paraquat concentration tested was 1 mM. C, Effect of oligonucleotides to MnSOD on PC12-S sensitivity to menadione. Antisense, sense, or random oligonucleotides (5 M each) were added to PC12-S. After 24 hr, cells were treated with 10, 100, and 500 M and 1 mM menadione for 5 min, and the medium replaced with fresh oligonucleotide. Twenty-four hours later, toxicity was assessed by trypan blue exclusion. D, Effect of oligonucleotides to MnSOD on PC12-R susceptibility to menadione. Experiments were performed as described for PC12-S, with the exception that 10 M each oligonucleotide was used. Data represents the mean Ϯ SEM of two to three independent experiments. *p Ͻ 0.001. population to NMDA toxicity does not change after reductions in MnSOD.
Overexpression of MnSOD confers resistance to NMDA and NO toxicity in primary cortical neurons
A number of approaches have been used to transfect genes of interest into primary neurons (Werner et al., 1990) . These approaches yield ϳ1-2% transfection efficiency sometimes in the setting of marked toxicity. Various studies suggest that modified adenovirus is an efficient vector for successf ul gene transfer into neurons (Akli et al., 1993; Davidson et al., 1993; Le Gal La Salle et al., 1993) . Despite the initial experiments indicating the feasibility of this approach, most investigators have not been able to achieve significant gene transfer efficiency in the setting of minimal neurotoxicity . The purification and storage of the virus are critical to the success of efficient infection of primary neurons with minimal toxicity. We now show 90 -100% infection efficiency in primary neuronal cultures, with essentially no loss of cell viability, as indicated by transfection of primary cortical cultures with Ad.␤Gal adenovirus (Fig. 8 A) . Although we routinely achieve 90 -100% infection of neurons with adenovirus, there is some heterogeneity in the expression patterns. In a similar manner, we are able to infect 90 -100% of cortical neurons with the Ad.MnSOD virus (Fig. 8 B-F) . Uninfected control cultures or cultures infected with Ad.␤Gal show minimal immunostaining for MnSOD, with 2-5% of the total neuronal population showing intense staining (data not shown). Cortical neurons transfected with Ad.␤Gal and Ad.MnSOD maintain a normal morphological appearance and remain viable, as demonstrated by a normal morphological appearance under Hoffman modulation optics and the absence of trypan blue staining (data not shown). Confirming that the Ad.MnSOD virus overexpresses MnSOD is our observation that MnSOD protein levels and catalytic activity are increased dramatically after infection with Ad.MnSOD, whereas Ad.␤Gal has no effect on MnSOD levels or catalytic activity (Fig. 9A) .
Infection of primary cortical neurons with Ad.MnSOD confers resistance to NMDA toxicity at all doses examined, whereas Ad.␤Gal has no effect (Fig. 9B) . We also compared the effects of adenoviral-mediated overexpression of MnSOD on kainate and AMPA toxicity with the effects on NMDA toxicity (Fig. 9C) . Our results show that overexpression of MnSOD has no effect on kainate or AMPA toxicity but is protective against NMDA- . Cells were harvested 48 hr after exposure to adenovirus for Western blot and activity analyses. Total protein (10 g) was loaded in each lane for Western blot analysis. Also at this time point, control cells infected with Ad.␤Gal were assayed for X-Gal staining to determine infection efficiency. The estimated infection efficiency was 90 -100% with minimal cell loss. B, Effect of adenoviral-mediated overexpression of MnSOD on PC12-S susceptibility to SNP. C ells were exposed to 10 8 pf u /ml of either Ad.MnSOD or Ad.␤Gal, and 24 hr later they were treated with 1 mM SNP for 5 min. Toxicity was assayed 24 hr after treatment by trypan blue exclusion. C, Effect of adenoviral-mediated overexpression of MnSOD on PC12-S susceptibility to paraquat. Cells were exposed to 10 8 pf u /ml of either Ad.MnSOD or Ad.␤Gal and 24 hr later were treated with 1 mM paraquat for 5 min. Toxicity was assayed 24 hr after treatment by trypan blue exclusion. Data represents the mean Ϯ SEM of two to three independent experiments. Western blots are representative of two to three independent experiments. *p Ͻ 0.001. mediated neurotoxicity. This is consistent with the notion that NO neurotoxicity is mediated by NMDA receptor activation, but not by kainate or AM PA receptor activation (V. L. , and it f urther illustrates the selective protective effect of MnSOD on NMDA and NO-mediated toxicity. Adenoviralmediated overexpression of ␤-galactosidase has no effect on NMDA, kainate, or AM PA toxicity.
To assess the potential role of MnSOD in protecting cortical neurons from NO-mediated toxicity, we applied various NO donors and assessed neurotoxicity in primary cortical neuronal cultures after adenoviral-mediated overexpression of MnSOD (Fig. 9D) . Overexpression of MnSOD provides dramatic protection against SNP-, SIN-1-, and DETA/NO-mediated neurotoxicity, whereas overexpression of ␤-galactosidase has no detectable effect on NO toxicity (Fig. 9D) .
MnSOD is required for nNOS neuron resistance to NMDA-induced toxicity
To test further whether MnSOD is the endogenous gene that confers resistance of nNOS neurons to NMDA-induced toxicity, we evaluated the susceptibility of nNOS neurons to NMDAinduced toxicity in mice in which the gene coding for MnSOD had been disrupted by homologous recombination (Li et al., 1995; Lebovitz et al., 1996) . Sixty-one individual embryos from MnSOD heterozygous matings were screened for the MnSOD gene via Southern blot analysis and PCR. Ten (16%) wild-type (ϩ/ϩ), 34 (56%) heterozygous (ϩ/Ϫ), and 17 (28%) null (Ϫ/Ϫ) independent cortical neuronal cultures were derived from each embryo and maintained in vitro in low (5%) O 2 for 10 d before experiments were performed. Each culture was exposed to 100 M NMDA for 5 min. T wenty hours later, cell death and NADPH-diaphorase staining for nNOS-containing neurons were assessed. The total neuronal population in MnSOD Ϫ/Ϫ cortical cultures is significantly more susceptible to the toxic effects of a relatively low dose (100 M) of NMDA, with a threefold increase in the proportion of total cell death (Fig. 10 A) . MnSOD ϩ/Ϫ cultures also tend to be more susceptible than wild-type cultures to NMDA-induced death. The nNOS neuronal population is significantly reduced in MnSOD ϩ/Ϫ cultures and is almost completely lost in MnSOD Ϫ/Ϫ mice after NMDA treatment (Fig.  10 B) . The dramatically increased susceptibility of nNOS neurons to NMDA toxicity in MnSOD-deficient cortical cultures is also evident when we calculate the ratio between the percentage of surviving nNOS neurons and the percentage of total cell survival (Fig. 10C) . Estimation of this ratio is important in the analysis of our data because it demonstrates the dramatic effect of complete elimination of MnSOD on susceptibility to NMDA toxicity in nNOS neurons, and that the sensitivity to NMDA-induced death is selectively increased in nNOS neurons.
Adenoviral overexpression of MnSOD in MnSOD
؊/؊
cultures rescues nNOS neurons from NMDA-induced death
If the loss of nNOS neurons after NMDA treatment in cultures from MnSOD-deficient mice is caused by the lack of MnSOD, overexpression of the protein would be predicted to protect nNOS neurons from NMDA-induced death. Wild-type, MnSOD ϩ/Ϫ , and MnSOD Ϫ/Ϫ cortical neuronal cultures from individual embryos were infected with Ad.MnSOD or Ad.␤Gal, and 48 hr later they were treated with 100 M NMDA. Although no significant change in total cell death after NMDA treatment is observed in wild-type and MnSOD ϩ/Ϫ cultures, overexpression of MnSOD significantly rescues MnSOD Ϫ/Ϫ cultures from NMDA-induced death (Fig. 10 D) . Overexpression of MnSOD also has a dramatic protective effect on the nNOS neuronal population in MnSOD Ϫ/Ϫ cultures, and to a lesser extent in the MnSOD ϩ/Ϫ cultures (Fig. 10 E) . The proportion of surviving nNOS neurons after NMDA treatment in Ad.MnSOD-infected MnSOD Ϫ/Ϫ cultures is comparable to that observed in wild-type Figure 7 . Antisense MnSOD renders nNOS neurons susceptible to NMDA toxicity. A, Western blot and activity analyses of MnSOD in primary cortical neurons after exposure to oligonucleotides. Cultures were exposed for 24 hr to either no oligonucleotide (Ϫ), antisense oligonucleotide to MnSOD (AS), sense oligonucleotide ( S), or random oligonucleotide ( R). All oligonucleotides were used at 10 M concentration. Thirty micrograms of total protein were loaded in each lane. C atalytic activity data from three independent experiments were analyzed with the Student's t test for independent means. Statistical analysis was performed by using StatView 4.0 software. MnSOD catalytic activity after antisense oligonucleotide knockdown was significantly different from MnSOD activity in untreated, sense, and random oligonucleotide-treated cells ( p Ͻ 0.001). B, Effect of antisense knockdown of MnSOD on susceptibility of nNOS neurons to NMDA toxicity. Cultures were exposed to either no oligonucleotide, 10 M antisense oligonucleotide, or 10 M random oligonucleotide. T wenty-four hours later, cells were treated for 5 min with 0, 300, or 500 M NMDA, and fresh oligonucleotides were added to the medium. After 24 hr, cultures were stained for nNOS neurons by NADPH-diaphorase staining. C, Susceptibility of cultures to NMDA toxicity. Treatment was performed as in A, and total cell death was estimated by trypan blue staining 24 hr after exposure to NMDA. D, The differential resistance and susceptibility of nNOS neurons to NMDA neurotoxicity in the absence and presence of antisense oligonucleotide to MnSOD, respectively, is illustrated by plotting the ratio between the percentage of nNOS neuron survival and the percentage of total neuronal survival. Data represents the mean Ϯ SEM of two to three independent experiments. Western blots are representative of two to three independent experiments. *p Ͻ 0.001.
cultures. The ratio of surviving nNOS neurons to total cell survival in the MnSOD Ϫ/Ϫ cultures after overexpression of MnSOD is also dramatically increased to wild-type levels (Fig.  10 F) . Thus, these data suggest that MnSOD is a major endogenous determinant of NMDA resistance in nNOS neurons.
DISCUSSION
The molecular mechanisms underlying the remarkable resistance of nNOS neurons to NMDA-glutamate receptor toxicity have been under intensive investigation. In this study, we provide several independent and complementary lines of evidence that MnSOD may be necessary for the selective resistance of nNOS neurons to NMDA neurotoxicity: (1) the NO-resistant PC12-R cell line contains elevated levels of MnSOD as determined by SAGE, Western blot, and catalytic activity analyses; (2) antisense oligonucleotide knockdown of MnSOD renders PC12-R cells susceptible to NO toxicity; (3) adenoviral overexpression of MnSOD confers resistance to NO toxicity in the NO-sensitive, PC12-S cell line; (4) nNOS neurons in rat cortical neuronal cultures are enriched in MnSOD; (5) antisense MnSOD causes nNOS neurons to become susceptible to NMDA toxicity, although it has little effect on overall neuronal toxicity; (6) adenovirus-mediated overexpression of MnSOD in cortical cultures confers resistance to NMDA and NO-mediated neurotoxicity but has no effect on kainate and AM PA neurotoxicity; (7) nNOS neurons from MnSOD Ϫ/Ϫ mice are markedly susceptible to NMDA-induced toxicity; and finally, (8) nNOS neurons in MnSOD Ϫ/Ϫ mice are rescued from death by overexpressing MnSOD. Together these observations provide strong evidence that MnSOD may be the principal endogenous protective protein against NMDA and NO-mediated neurotoxicity in nNOS neurons.
MnSOD is critical for survival against NO toxicity
The majority of NO induced toxicity may occur through an interaction with O 2
•Ϫ to form the highly reactive and toxic free radical peroxynitrite (Radi et al., 1991; Beckman and Crow, 1993; Beckman, 1994; Xia et al., 1996) . Thus, excess production of either NO or O 2
•Ϫ could lead to deleterious generation of peroxynitrite. Peroxynitrite may inactivate MnSOD through tyrosine nitration and contribute to further cytotoxicity by diminishing mitochondrial O 2
•Ϫ scavenger capacity (MacMillan-Crow et al., 1996) . Thus, it may be critical to prevent mitochondrial peroxynitrite formation by effective scavenging of O 2 mitochondrial MnSOD (McCord, 1969; Fridovich, 1986; Bannister et al., 1987; Hassan, 1988; Fridovich, 1995) . Previous studies suggest that CuZ nSOD may play an important role in NO/ peroxynitrite-mediated cell death (Troy et al., 1996) . However, our observations that (1) CuZ nSOD levels remain unchanged in the PC12-R NO-resistant cell line, (2) CuZ nSOD is ubiquitously expressed in cultured cortical neurons, and (3) CuZ nSOD levels are not altered by NMDA or quisqualate treatments that enrich and deplete cultures of nNOS neurons, respectively, indicate that under normal conditions CuZ nSOD probably plays a minimally protective role against NMDA and NO neurotoxicity in nNOS neurons. On the other hand, MnSOD, which is enriched in nNOS neurons and NO-resistant PC12-R cells, seems to play a major role in protection against NMDA and NO toxicity. The importance of mitochondrial scavenging of O 2
•Ϫ is f urther illustrated by the recent demonstration that only overexpression of MnSOD, but not CuZ nSOD or mutant MnSOD lacking the mitochondrial matrix signal, protects against free radical toxicity (Wong, 1995) . Furthermore, insertion of the mitochondrial signal sequence into CuZ nSOD results in protection against free radical attack (Wong, 1995) .
MnSOD is essential and sufficient for nNOS neuron resistance to NMDA toxicity
Since the original description of NADPH-diaphorase neurons surviving stroke damage by Thomas and Pearse (1964) , and the remarkable survival of NADPH-diaphorase neurons in the setting of severe neuronal loss in the striatum of Huntington's disease (Ferrante et al., 1985) , the molecular mechanisms underlying the resistance of nNOS neurons to these insults as well as NMDA neurotoxicity have been a mystery. The discovery that nNOS catalytic activity accounts for NADPH-diaphorase staining provided clues but no obvious explanation (T. M. Hope et al., 1991) . Various theories on the remarkable resistance of nNOS neurons to toxic insults have ranged from the expression of nNOS as the responsible mechanism, the expression of unknown protective proteins, to the relative lack of glutamate receptor expression . Recent colocalization studies of nNOS with glutamate receptor subunits suggest that nNOS neurons do contain glutamate receptors (Catania et al., 1995; Landwehrmeyer et al., 1995; Standaert et al., 1996) . Experiments in nNOS Ϫ/Ϫ mice indicate that nNOS itself does not account for the selective resistance of nNOS neurons to NMDA 8 pf u /ml of MnSOD-containing adenovirus (Ad.MnSOD), or 10 8 pf u /ml of ␤-galactosidase-containing adenovirus (Ad.␤Gal ). C ells were harvested for Western blot and activity analyses 48 hr after exposure to the adenovirus. B, Susceptibility of cortical neurons to NMDA toxicity in cultures that were not exposed to adenovirus and in cultures infected with Ad.MnSOD or Ad.␤Gal. C, Susceptibility of cortical neurons to NMDA, kainate (K A), and A MPA after exposure to control salt solution (no virus), Ad.MnSOD, or Ad.␤Gal. Cultures were exposed to 10 8 pf u /ml Ad.MnSOD or Ad.␤Gal, and 24 hr later treated with 0.5 mM NMDA, 0.1 mM kainate, or 0.1 mM AM PA. NMDA was applied for 5 min and then washed off. K A and AM PA were applied for 14 hr. Toxicity was assessed 24 hr after exposure to the toxic agent by trypan blue exclusion. D, Susceptibility of cortical neurons to NO donors after exposure to control salt solution (no virus), Ad.MnSOD, or Ad.␤Gal. Cultures were exposed to 10 8 pf u /ml Ad.MnSOD, or Ad.␤Gal, and 24 hr later they were treated for 5 min with 1 mM SNP, 2 mM SIN-1, or 2 mM DETA / NO. Toxicity was assessed 24 hr after exposure to the toxic agent by trypan blue exclusion. Data represents the mean Ϯ SEM of two to three independent experiments. Western blots are representative of two to three independent experiments. *p Ͻ 0.001. neurotoxicity . However, nNOS Ϫ/Ϫ mice were later shown to express enzymatically active splice variants of nNOS (Brenman et al., 1996) . Although these splice variants fail to produce NO upon NMDA receptor stimulation , it is still possible that nNOS activity may account, at least in part, for the selective resistance of nNOS neurons to damage.
It is quite surprising that MnSOD is selectively enriched in cultured cortical nNOS neurons and that it plays a critical role in the selective resistance of nNOS neurons to NMDA-induced neurotoxicity. We would have expected an enzyme such as MnSOD to be expressed ubiquitously and to play a major protective role against most, if not all, toxic insults. However, MnSOD is dramatically enriched in cultured nNOS neurons, because no nNOS neuron was detected that did not show intense positive staining for MnSOD. On the other hand, some neurons expressed relatively high levels of MnSOD and did not stain for nNOS. Detailed and comprehensive immunohistochemical studies in rodent brain on the localization of MnSOD have not been reported. However, limited studies indicate that MnSOD has a heterogeneous distribution. In the striatum, MnSOD is enriched in cholinergic neurons and somatostatin neurons, which contain nNOS (Inagaki et al., 1991a) . It is also highly enriched in cholinergic neurons of the basal forebrain (Inagaki et al., 1991b) . In the hippocampus, MnSOD is enriched mainly in parvalbumincontaining neurons and is rarely in nNOS neurons (Matsui et al., 1996) . Thus, in some regions of the brain the selective resistance of nNOS neurons may be attributed to other factors. Future studies will be required to determine the amount of coexpression of nNOS and MnSOD in rodent brain.
Our findings that MnSOD is required for nNOS neuron survival after NMDA-induced toxicity in cultures from MnSODdeficient mice are critical in supporting and complementing the data obtained in PC12 cells and rat cortical cultures after antisense oligonucleotide knockdown of MnSOD mRNA and adenovirus-mediated overexpression of MnSOD. Previous studies that have suggested that MnSOD is important for the resistance to toxic cellular insults have relied on overexpression or antisense knockdown of MnSOD (Jones, 1986; Wong et al., 1989 ; , and MnSOD Ϫ/Ϫ cultures that were not exposed to adenovirus and in cultures infected with Ad.MnSOD or Ad.␤Gal. E, Susceptibility of nNOS neurons to 100 M NMDA toxicity in wild-type (ϩ/ϩ), MnSOD ϩ/Ϫ , and MnSOD Ϫ/Ϫ cultures that were not exposed to adenovirus and in cultures infected with Ad.MnSOD or Ad.␤Gal. F, The differential resistance and susceptibility of nNOS neurons to NMDA neurotoxicity in wild-type (ϩ/ϩ), MnSOD ϩ/Ϫ , and MnSOD Ϫ/Ϫ cultures that were not exposed to adenovirus and in cultures infected with Ad.MnSOD or Ad.␤Gal is illustrated by plotting the ratio between the percentage of nNOS neuronal survival and the percentage of total neuronal survival. Data represent the mean Ϯ SEM of five independent experiments. *p Ͻ 0.001. Wong, 1995) . These methods do not insure that MnSOD is the endogenous mechanism of protection. Our findings in MnSOD Ϫ/Ϫ mice provide a direct demonstration that endogenous MnSOD is essential and sufficient for the cellular survival against toxic insults. The complete absence of MnSOD renders nNOS neurons dramatically sensitive to the toxic effects of NMDA, and adenoviral replacement of MnSOD preferentially enhances the survival of nNOS neurons to NMDA-induced toxicity. Thus, MnSOD plays a key protective role against NMDAinduced toxicity in neurons containing nNOS.
Glutamate neurotoxicity and mitochondrial function
Recent studies indicate that mitochondrial dysf unction is a primary event in glutamate neurotoxicity (Schinder et al., 1996; White and Reynolds, 1996) . A perfect balance between mitochondrial f unction and intracellular calcium homeostasis is essential for cell survival. Overstimulation of NMDA receptors causes a massive C a 2ϩ influx that leads to an imbalance in mitochondrial homeostasis and mitochondrial dysf unction that in turn triggers subsequent neuronal death cascades (Schinder et al., 1996; White and Reynolds, 1996) . Given the high metabolic requirements of the brain, it is reasonable to hypothesize that mitochondria are principal targets of calcium-dependent effectors of excitotoxicity (White and Reynolds, 1996) . The mitochondrial electron transport chain is sensitive to NO and free radical generation (Z hang et al., 1990; Schweizer and Richter, 1994) . Recent evidence suggests that oxidizing agents increase the likelihood of activation of the permeability transition pore in the mitochondrial membrane, which results in mitochondrial depolarization (Connern and Halestrap, 1994) . Mitochondrial depolarization and alteration of the electron transport chain decrease ATP synthesis. The reduction of cellular energy together with the generation of oxygen free radicals subsequent to excitotoxic stimulation and high ATP consumption lead to cell collapse. Furthermore, the mitochondrial electron transport chain has been shown to be an important source of glutamate-induced reactive oxygen species (Dugan et al., 1995) . Thus, free radical formation as indicated by oxidation of nonfluorescent dihydrorhodamine 123 to fluorescent rhodamine 123 is dramatically and specifically enhanced by NMDA receptor activation but not by kainate receptor activation (Dugan et al., 1995) . Our observation that MnSOD protects cortical cultures against NMDA-mediated neurotoxicity, but not against AM PA or kainate toxicity, further substantiates the importance of mitochondrial dysfunction in NMDA neurotoxicity as well as the selective protective effects of MnSOD against NMDA and NO-mediated toxicity. Because the rate of reaction of NO with O 2
•Ϫ to form peroxynitrite is extremely rapid, peroxynitrite production is particularly limited by the diff usion constants of NO and O 2
•Ϫ . Because mitochondria are an important source of free radical formation after NMDA neurotoxicity, the selective enrichment of MnSOD in nNOS neurons effectively scavenges excess O 2
•Ϫ and protects nNOS neurons against the toxic effects of NO. On the other hand, NO diff uses to adjacent non-nNOS neurons and reacts with NMDAinduced O 2
•Ϫ , which is not effectively scavenged in mitochondria. Thus, peroxynitrite is preferentially produced in non-nNOS neurons, ultimately setting in motion irreversible processes leading to cell death.
Although MnSOD seems to be a major protective protein that confers resistance to nNOS neurons to NMDA and NO mediated-neurotoxicity, we cannot exclude the possibility that other protective proteins exist and are preferentially expressed in nNOS neurons. Consistent with this notion is our observation that almost complete elimination of MnSOD catalytic activity in the PC12-R NO-resistant cell line does not lead to complete susceptibility to NO-mediated toxicity. Furthermore, by using differential display analysis of NMDA-treated cortical cultures versus quisqualate-treated cortical cultures, we have identified novel transcripts that are enriched in nNOS neurons (V. Christov, V. L. Dawson, and T. M. Dawson, unpublished observations) . Thus, nNOS neurons may preferentially express multiple protective genes, within which MnSOD plays a major protective role.
